University of Wollongong

Research Online
Australian Institute for Innovative Materials Papers

Australian Institute for Innovative Materials

1-1-2020

A multifunctional hierarchical porous SiO2/GO membrane for high
efficiency oil/water separation and dye removal
Yue Liu
Fengrui Zhang
Wenxia Zhu
Dong Su
Zhiyuan Sang

See next page for additional authors

Follow this and additional works at: https://ro.uow.edu.au/aiimpapers
Part of the Engineering Commons, and the Physical Sciences and Mathematics Commons

Recommended Citation
Liu, Yue; Zhang, Fengrui; Zhu, Wenxia; Su, Dong; Sang, Zhiyuan; Yan, Xiao; Li, Sheng; Liang, Ji; and Dou, Shi
Xue, "A multifunctional hierarchical porous SiO2/GO membrane for high efficiency oil/water separation
and dye removal" (2020). Australian Institute for Innovative Materials - Papers. 3987.
https://ro.uow.edu.au/aiimpapers/3987

Research Online is the open access institutional repository for the University of Wollongong. For further information
contact the UOW Library: research-pubs@uow.edu.au

A multifunctional hierarchical porous SiO2/GO membrane for high efficiency oil/
water separation and dye removal
Abstract
2020 Elsevier Ltd Removing contaminants from wastewater is critical to secure the global water supply.
Membrane technologies for water purification are exceptionally attractive due to their high efficiency and
low energy consumption. The traditional porous polymer films, however, are easy to be fouled by the
organic pollutants, causing pore blockage and deteriorated separation performance. We herein report the
rational design of a porous SiO2/GO hybrid membrane by coupling graphene oxide (GO) nanosheets with
SiO2 nanoparticles and using ethylenediamine to crosslink them, for efficient oil/water separation and dye
removal. The SiO2 nanoparticles provide an excellent hydrophilicity and underwater superoleophobicity
interface, resulting in efficient and antifouling oil/water separation with an outstanding rejection rate over
99.4% for different types of oil; and the hierarchical scaffold, formed from the hydrophilic GO nanosheets
embedded with SiO2 nanoparticles, greatly facilitates the rapid permeation of water with a high flux rate
of up to 2387 L m−2 h−1 for pure water and 470 L m−2 h−1 for oil/water separation. Moreover, the
abundant functional groups on the GO surface also render this membrane with a high removal capability
for dye blocking, enabling it to remove soluble pollutants in molecular dimensions as well. This design
strategy not only provides an outstanding membrane for water purification but also sheds light on the
design of multi-purpose functional membranes for a variety of energy and environment-related
applications.

Disciplines
Engineering | Physical Sciences and Mathematics

Publication Details
Liu, Y., Zhang, F., Zhu, W., Su, D., Sang, Z., Yan, X., Li, S., Liang, J. & Dou, S. (2020). A multifunctional
hierarchical porous SiO2/GO membrane for high efficiency oil/water separation and dye removal. Carbon,
160 88-97.

Authors
Yue Liu, Fengrui Zhang, Wenxia Zhu, Dong Su, Zhiyuan Sang, Xiao Yan, Sheng Li, Ji Liang, and Shi Xue Dou

This journal article is available at Research Online: https://ro.uow.edu.au/aiimpapers/3987

A Multifunctional Hierarchical Porous SiO2/GO Membrane for High Efficiency
Oil/Water Separation and Dye Removal
Yue Liu,a Fengrui Zhang,a Wenxia Zhu,a Dong Su,a* Zhiyuan Sang,a Xiao Yan,b, c* Sheng Li,b Ji
Liang,a, c* and Shi Xue Douc
a

Key Laboratory of Advanced Ceramics and Machining Technology, Ministry of Education, School

of Materials Science and Engineering, Tianjin University, Tianjin, 300350, China
b

Guangdong Key Laboratory of Membrane Materials and Membrane Separation, Guangzhou

Institute of Advanced Technology, Chinese Academy of Sciences, Guangzhou, 511458, China
c

Institute for Superconducting & Electronic Materials, Australian Institute of Innovative Materials,

University of Wollongong, North Wollongong, NSW 2500, Australia
*Corresponding Authors: Dong Su (sudong@tju.edu.cn), Xiao Yan (xiao.yan@giat.ac.cn), Ji Liang
(liangj@uow.edu.au)

1

Abstract
Removing contaminants from wastewater is critical to secure the global water supply. Membrane
technologies for water purification are exceptionally attractive due to their high efficiency and low
energy consumption. The traditional porous polymer films, however, are easy to be fouled by the
organic pollutants, causing pore blockage and deteriorated separation performance. We herein report
the rational design of a porous SiO2/GO hybrid membrane by coupling graphene oxide (GO)
nanosheets with SiO2 nanoparticles and using ethylenediamine to crosslink them, for efficient oil/water
separation and dye removal. The SiO2 nanoparticles provide an excellent hydrophilicity and
underwater superoleophobicity interface, resulting in efficient and antifouling oil/water separation
with an outstanding rejection rate over 99.4% for different types of oil; and the hierarchical scaffold,
formed from the hydrophilic GO nanosheets embedded with SiO2 nanoparticles, greatly facilitates the
rapid permeation of water with a high flux rate of up to 2387 L m−2 h−1 for pure water and 470 L m−2
h−1 for oil/water separation. Moreover, the abundant functional groups on the GO surface also render
this membrane with a high removal capability for dye blocking, enabling it to remove soluble
pollutants in molecular dimensions as well. This design strategy not only provides an outstanding
membrane for water purification but also sheds light on the design of multi-purpose functional
membranes for a variety of energy and environment-related applications.

Keywords: GO-based membrane; Hierarchical pore; Hybrid membrane; Emulsion separation; Dye
removal;
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1. Introduction
Pollutants from industrial manufacturing processes, such as mining, oil and gas production, metal
smelting, and fine chemical production, have placed an ever-growing threat on the security of the
valuable freshwater resource for almost two-thirds of the global population [1], especially for people
in the developing regions. Wastewater treatment technologies to remove multiple pollutants from
water resources, are therefore critical for the sustainable water supply as well as sustaining livelihoods,
human well-being, and socio-economic development [2].
For this purpose, various water purification technologies have been developed, such as distillation,
media filtration, membranes, ion exchange, chemical disinfection, precipitation, and electrosorption
[2, 3]. Among them, the membrane-based technology is one of the most facile strategies, due to its
combined merits of relatively low energy consumption, simple operation, and high efficiency for the
removal of various contaminants from water [4-6]. Commonly, polymeric membranes with precisely
controlled pore structures and surface features are widely used [7-9]. These polymer membranes are,
however, highly vulnerable to organic fouling and corrosion due to the adsorption/blocking of organic
foulants and colloidal substances [4, 10], which causes structural distortion, performance degradation,
and increased energy consumption. Therefore, it is essential that alternative membranes with
antifouling features should be developed with high structural and chemical stability, high separation
capability, and antifouling characteristics to address the challenges in water purification under
aggressive conditions.
Graphene oxide (GO) membranes have laminated and two-dimensional (2D) channels, through
which water molecules can rapidly permeate due to the low-friction water flow and two-dimensional
capillaries between GO nanosheets [11, 12]. Hydrophilic oxygen-containing groups of GO membranes
3

enlarge the interlayer spacing of the GO nanosheets, which will help the intercalation and permeation
of water through the nanochannels. Therefore, GO membrane can act as a molecular sieve by allowing
for fast permeation of water molecules while blocking those larger molecules or ions. In the meantime,
they are also able to block other larger molecules/ions or charged species because of the size exclusion
[13], electrostatic interactions [14], and/or ion adsorption effects [15], making them exceptionally
suitable for water filtration and separation [16-20]. With these unique features, GO membranes have
been extensively exploited for waste water treatment, in terms of heavy metal removal [21], dye
removal [22], biological separation [23], and desalination [24].
In spite of these merits, some intrinsic shortcomings of pure GO membranes still exist. On the one
hand, the initial water flux of the pure GO membrane is commonly in the range of 1.7 to 21.4 L m −2
h−1, which is much lower than the conventional polymer membranes (>50 L m−2 h−1) [14, 25, 26], due
to the narrow laminate channels between the close-packed GO nanosheets as well as the interaction of
the oxygen-containing functional groups with water molecules [27]. On the other hand, during the
long-term water purification, the hydrogen bond between the GO nanosheets will be continuously
destroyed due to the hydration of the oxygen-containing groups on the GO surface, which will
significantly yet uncontrollably enlarge the distance between the GO nanosheets and make the
separation performance quickly decay [28]. Consequently, the pure GO membranes usually suffer
from low flux rate during water purification and poor stability as well.
To deal with this, both organic (e.g., dopamine [29], isophorone diisocyanate [30] and
polyethyleneimine [31]) and inorganic species (e.g., palygorskite nanohybrid [20], halloysite
nanotubes [22], sepiolite [32] and C3N4 [33, 34]) have been intercalated into the adjacent GO
nanosheets to alleviate the re-stacking of GO nanosheets and expand the channel structures for water
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transport. Among them, the inorganic ones can also alter the surface properties of the resulted
membranes [35, 36], such as roughness and wettability, leading to a favorable water/membrane
interface with a low oil affinity for oil/water separation [37]. For this purpose, SiO2 nanoparticles are
especially promising for their low cost and facileness to fabricate [38-41]. On the one hand, the SiO2
nanoparticles can endow the membrane with high specific surface area and hydrophilicity, benefiting
the water flux and selective permeation of the hybrid membrane. On the other hand, however, the
dosage of SiO2 inorganic particles may also cause deterioration in mechanical strength due to their
rigid nature and the poor interface contact between the SiO2 nanoparticles and GO nanosheets that is
unfavorable for long-term stability for practical applications [40]. Consequently, the rational design of
the SiO2/GO-based membranes with optimized pore structure, high structural stability, and excellent
surface characteristics is essential for their performance enhancement, which has been rarely
considered or achieved by far, unfortunately.
Based on these considerations and with the purpose of achieving a high-rate, selectivity, and stable
permeability for water and excellent retard against other larger species (e.g., large organic molecules
and oil droplets), we herein report the design and fabrication of a highly flexible and antifouling
SiO2/GO hybrid membrane from GO nanosheets separated by SiO2 nanoparticles and stabilized by
cross-linked ethylenediamine (EDA). On this material, the SiO2 nanoparticles provided an additional
hierarchical structure to the laminar pores between the GO nanosheets as well as excellent
hydrophilicity interface, which can effectively enhance the permeation rate of water and oil/water
separation. On the other hand, the EDA acted as a binder that can crosslink the GO nanosheets through
covalent bonding and thus significantly enhanced the structural stability of the membrane during water
purification. Due to these merits, this SiO2/GO hybrid membrane possesses an outstanding water
5

permeability (up to 2378 L m−2 h−1 for water, 470 L m−2 h−1 for O/W emulsion), excellent separation
efficiency (rejection of over 99.4% for oil/water emulsion and rejection of 100% for MB solution),
high recoverability, and antifouling capability for oil/water emulsion separation and dye removal.
2. Experimental
2.1 Chemicals
Ethylenediamine (EDA, Tianjin Yuanli Chemical Co., China) was used as received. Graphene oxide
(GO) nanosheets with size of several hundred nanometers were synthesized by a modified Hummers’
method using natural graphite powder (750-850 mesh, 99.95%, Shanghai Aladdin, China) as described
previously [42], as shown in Figure S1. SiO2 nanoparticles (ca. 150 nm) were prepared by the Stöber
method, using tetraethylorthosilicate (TEOS, Tianjin Jiangtian Chemical Co., China) as precursor and
ammonium hydroxide (NH3·H2O, Tianjin Guangfu Chemical Co., China) as the catalyst [43]. All of
the reagents used in the experiment were analytical grade.
2.2 Preparation of SiO2/GO membranes
Hierarchical SiO2/GO membranes with different SiO2/GO mass ratios were fabricated from GO
nanosheets, SiO2 nanoparticles and EDA, through a vacuum-assisted filtration and self-assembling
process. In a typical synthesis, 4 mg SiO2 nanoparticles and 2 mg GO nanosheets were dispersed in 25
mL deionized water, followed by stirring for 30 min at room temperature. Then, 1 μL EDA was added
into the as-prepared solution and stirred for 10 min. The solution was vacuum filtered through a
cellulose acetate filter paper (Xinya Purification Co., Shanghai, China) to form a SiO2/GO membrane
which can be easily peeled off after being dried at 50 °C for 1 h to yield a free-standing and flexible
SiO2/GO membrane. Meanwhile, the additional EDA was dissolved in water and removed during the
6

film-assembly process. For direct comparison, the prepared hybrid SiO2/GO membranes were denoted
as SiO2/GO-0, SiO2/GO-0.5, SiO2/GO-1, SiO2/GO-2, SiO2/GO-3 and SiO2/GO-5 with mass ratio of
SiO2: GO of 0, 0.5, 1, 2, 3 and 5, respectively.
2.3 Microstructure characterization
Microstructures of the SiO2/GO membranes were characterized using field emission scanning electron
microscopy (SEM, TDCLS-4800, Japan) and transmission electron microscopy (TEM, JEOL-200CX,
Japan). A tiny and thin fraction was peeled from the hybrid membrane and transferred onto a copper
mesh for TEM analysis. Crystal structures of the SiO2/GO membranes were analyzed using an X-ray
diffractometer (XRD, D/Max-2500 Rigaku, Japan) ranging from 5° to 60°. The chemical structures of
the membranes were analyzed by Fourier transform infrared spectroscopy (FTIR, TENSOR27,
Germany) equipped with an attenuated total reflectance (ATR) accessory. The surface compositions
of the membranes were analyzed by X-ray photoelectron spectroscopy (XPS, Thermo Fisher K-Alpha,
America) conducted with Al Kα at 150 W. The water contact angles were measured on the surface of
the membranes by an automatical goniometer/tensiometer 7 (KRUSS, DSA100, Germany) using a
sessile drop method, in which 5 μL water droplet was gently placed on the testing surface using a
micro-syringe. For underwater oil contact angle, dichloromethane was used as testing droplet.
2.4 Preparation of oil/water emulsions
Sodium dodecyl sulfate (SDS, Tianjin Guangfu Chemical Co., China) emulsified O/W emulsions were
used to evaluate the oil/water (O/W) emulsion separation performance of the SiO2/GO membranes,
concluding diesel oil/water, soybean oil/water, gas oil/water and pump oil/water. In a typical O/W
emulsion preparation, oil was added into deionized water with the volume ratio of oil/water of 1:100
under stirring for 15 min, and then SDS as an emulsifier (0.2 mg mL-1) was added into the mixture.
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The homogeneous emulsion was obtained after stirring for 1 h followed by the removal of redundant
floating oil. The size and size distribution of the emulsion droplets was characterized by a laser light
scattering system (Zetasizer Nano ZS90, England).
2.5 Permeation flux and oil/water separation
The permeation performances of the SiO2/GO membranes were evaluated under vacuum filtration
(~0.1 MPa) with effective filtration area of 13.85 cm2, and pre-compacted with deionized water under
0.1 MPa for >10 min to gain a stable flux value. The permeate flux J (L m-2 h-1) was calculated
following equation (1), in which the volume of filtered solutions within 2 min was recorded. The
permeate flux of each membrane was averaged from three tests to ensure the reproducibility.

𝐽=

𝑉
𝐴𝑡

(1)

Here, V is the volume of penetrate flow, A is the membrane effective area, and t is the filtration time.
The rejection rate (R) of oil in emulsion was calculated using the following equation (2) using 30
mL O/W emulsion. The oil concentration in the filtrate before and after filtration was measured by a
total organic carbon (TOC) analyzer (Shimadzu TOC-VCPH analyzer, Japan).

𝑅 = (1 −

𝐶𝑝
𝐶𝑓

) × 100%

(2)

The Cp and Cf (mg/L) represent the oil concentrations of the original solution/emulsion and the
collected solution/emulsion after filtration, respectively.
2.6 Antifouling property
Antifouling property was conducted on the hybrid membrane of SiO2/GO-2, in which 50 mL soybean
oil/water emulsion was separated by the membrane first. Then the fouled membrane was backwashed
with deionized water for 40s. The combination of O/W separation process and membrane backwash
8

process was termed as one cycle. The reusability test included 8 cycles.
2.7 Dye removal property
Typical dye removal test was conducted on the hybrid membrane of SiO2/GO-2 by10 ppm methyl blue
(MB, Tianjin Yuanli, China) aqueous solution with the volume ranging from 20 mL to 100 mL.
Moreover, dye removal capability was tested by increasing MB concentration from 10 ppm to 40 ppm
(20 mL). The MB concentration in feed solution and permeation solution were determined
spectrophotometrically on a UV-vis spectrophotometer (UV2550, Shimadzu, Japan) to characterize
the MB rejection rate of the membranes following equation (2).
3. Results and Discusstion

The fabrication of the SiO2/GO membranes via the filtration-assisted and self-assembling process is
schematically depicted in Figure 1a. Firstly, a homogeneous suspension containing SiO2 nanoparticles,
GO nanosheets, and EDA was obtained by ultrasonication. During this process, the color of the
suspension turned from brown to black upon the addition of EDA, suggesting that reaction between
EDA and GO occurred [28]. Then, the suspension was filtered through a cellulose acetate filter paper
to form a SiO2/GO hybrid membrane, in which the SiO2 nanoparticles are embedded in between the
GO nanosheets, with EDA molecules anchored between the adjacent GO nanosheets, as shown in the
chemical-bonding schematism in Figure 1a. The obtained SiO2/GO membranes can be directly peeled
off from the filter paper after drying. The free-standing SiO2/GO membrane is highly flexible and can
be bent freely without any damage. As shown in Figure S2, the SiO2/GO-2 membrane showed high
tensile strength, including the failure strain about 5.9%, tensile stress of 3.2 MPa and tensile modulus
of 54.2 MPa. For comparison, membranes with different SiO2/GO ratios (X) were fabricated and
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denoted as SiO2/GO-X (details can be found in the experimental section).

Figure 1. a) Schematic diagram of fabrication of SiO2/GO hybrid membranes via vacuum-assisted
filtration self-assembly process; cross-sectional SEM image of b) SiO2/GO-0 and c) SiO2/GO-2
membrane; and d) TEM image of SiO2/GO-2 membrane.

The morphology and microstructure of the SiO2/GO hybrid membranes were first studied under
SEM in comparation with the pure GO membrane (i.e., SiO2/GO-0). All the hybrid membranes show
obvious layered structure coming from the GO stacking, which is similar to but more loose compared
with the pure GO membrane, as shown in Figure S3. Even though, the GO nanosheets in the film still
form a laminar structure, rather than being isolated to yield penetrating holes, which is essential for
simultaneously achieving the high resistance of oil/MB from water and the high flux. The thickness of
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the SiO2/GO-0 is about 1 μm thick with compactly piled GO nanosheets and no obvious pores (Figure
1b), and the thickness of the hybrid membrane increases from 6 to 12 μm with the SiO2/GO from 0.5
to 5, as shown in Figure S3, indicating that SiO2 nanoparticles can significantly alter the membrane’s
structure by existing between the GO nanosheets and introducing large macro pores. The layerstructure was gradually interrupted by SiO2 nanoparticles to form macro-porous structure with
increasing loading.

Figure 2. Surface morphology of membranes with various amounts of SiO2. a) SiO2/GO-0; b)
SiO2/GO-0.5; c) SiO2/GO-1; d) SiO2/GO-2; e) SiO2/GO-3; f) SiO2/GO-5; and g-i) the high
magnification SEM images of the selected areas in b, d, and f, respectively.

The surface morphology of the SiO2/GO membranes also varies with the amount of SiO2 (Figure
2). For the SiO2/GO-0 without SiO2 particles, its surface is generally compact and without visible pores.
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As the SiO2/GO ratio is increased from 0.5 to 5, more SiO2 nanoparticles can be observed, both on the
surface and at the edge of GO nanosheets. This generates a more loosely stacking microstructure,
which is favorable for better water permeability, however, at the cost of membrane strength and
flexibility. Due to this, the hybrid membranes with high SiO2 content (i.e., SiO2/GO-3 and SiO2/GO5) tend to fracture when peeled off from the support. N2 adsorption-desorption and Mercury analysis
shows the SiO2/GO membranes possess a hierarchically porous nanostructure (Figure S4), including
the micropores ranging from several nanometers to tens of nanometers coming from the restacking of
GO nanosheets [25] and the meso/macropores of 40-400 nm coming from the segregation of SiO2
nanoparticles between the GO nanosheets.

Figure 3. a) XRD spectra and b) FTIR spectra of SiO2/GO membranes with different SiO2/GO mass
ratios, GO nanosheets, and SiO2 nanoparticles.

More structural information of the material was obtained by XRD, which shows a sharp diffraction
peak at about 10.7° and a broad one in the region of 15-25° (Figure 3a). The peak at 10.7° should be
assigned for the stacked GO nanosheets [25]; while the other one should be assigned for amorphous
SiO2 [44], which also present in pure SiO2 nanoparticles. It is interesting to find that the position of the
GO peaks in all the EDA modified samples (i.e., pure GO membrane and hybrid membranes with
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different SiO2 loading) are slightly shifted to a lower 2θ than that of the pure GO (10.7° vs. 11.6°),
corresponding to an increase in the interlayer distance of about 0.08 nm. This should come from the
anchoring of EDA molecules between the adjacent GO nanosheets [28]. Compared with the samples
in the dry condition, the wet membranes show a clear shift of the silica related peak from 22 to 28°
(Figure S5), indicating that the hydrated silica nanoparticles can form silicate salt in the solution [4546].
To further confirm this, we then conducted FTIR analysis on the SiO2/GO hybrid membranes
(Figure 3b). SiO2/GO-0 has characteristic peaks at 1716 cm-1,1420 cm-1, 1224 cm-1, and 1041 cm-1,
which can be attributed to the stretching vibrations of oxygen-containing species of GO, including
C=O in carboxyl groups, C-O in carboxyl group, C-O in epoxy group, and C-O in alkoxy group
respectively [47]. Compared with the pure GO, the C=O peak at 1716 cm-1 decreases in SiO2/GO-0,
suggesting the consumption of carboxyl groups on the GO due to the reaction of EDA. Meanwhile the
peak at 1610 cm-1 is also broadened compared with that of pure GO, which could be attributed to the
bending of N-H and the stretching of C=O on the secondary amide group [47]. Moreover, a new peak
at 1357 cm-1 and an intensified peak at 1181 cm-1 for C-N bonds are observed [48]. These changes
arise from the reaction between amine groups of EDA and carboxyl groups of GO, confirming the
chemical bonding of EDA with GO nanosheets and the existence of EDA between the GO nanosheets
to cause the increased interlayer distance from the XRD analysis. For the SiO2/GO membranes, the
characteristic bands of GO (such as C=O, C-O, C-O-C, and C-N) are reserved, and a new strong peak
at 1076 cm-1 emerged that can be attributed to Si-O-Si stretching vibrations of the SiO2 particles [43].
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Figure 4. Surface chemistry of SiO2/GO-2 membrane in comparation with SiO2/GO-0 membrane. a)
SEM image of SiO2/GO-2 and the corresponding elemental mappings; b) XPS survey spectra of the
materials; and high resolution; c) O1s, d) C1s, and e) N1s XPS spectra, respectively.
The surface chemistry of the SiO2/GO-2 membrane was further investigated by elemental mapping
and XPS (Figure 4). Elemental mappings reveal the uniform distribution of Si, O, C elements,
indicating that SiO2 nanoparticles are homogeneously distributed over the membrane (Figure 4a). The
XPS survey scan of SiO2/GO-2 (Figure 4b) shows the presence of O, N, C, and extra Si element in
comparation with that of SiO2/GO-0 membrane. The O1s spectra of SiO2/GO-0 and SiO2/GO-2 exhibit
C-O-C bond at 532.3 eV as the major peak (Figure 4c). Moreover, the O1s spectrum of SiO2/GO-2
also contains peaks at 535.7 eV for Si-O-Si and 534.0 eV for Si-O-C, which should arise from the
14

condensation reaction between hydroxyl groups of GO and SiO2 under the alkaline condition provided
by EDA [48]. The N1s spectra can be deconvoluted into two peaks at 399.0, and 400.0 eV (Figure 4c),
which can be respectively assigned to corresponding to nitrogen on amine group (C-N) and amide
carbonyl group (N-C=O) [49], confirming the covalent bonding between EDA and the GO nanosheets
[22]. The C1s spectra of both SiO2/GO-0 and SiO2/GO-2 can be deconvoluted into four peaks at 284.6
eV for C-C, 285.9 eV for C-N, 287.1 eV for C-O, and 288.4 eV for C=O (Figure 4d). The increasing
C-N peak and decreasing of C-O peak are observed in SiO2/GO-2 further as well, indicating the
formation of C-N bond through acylation reactions between the amino groups of EDA and
epoxy/carboxyl groups of GO nanosheets [47]. The chemical bonding between SiO2, EDA and GO
can thus enhance the strength, flexibility, and stability of the SiO2/GO hybrid membrane, which is in
favor of their application in O/W emulsion separation and dye adsorption.
On the basis of these characterizations, the prominent mechanical property and structural stability
of the SiO2/GO-2 hybrid membrane with the optimal SiO2 loading should arise from the strong
chemical bonding between GO, EDA, and SiO2. Firstly, under the alkaline condition provided by EDA,
the hydroxyl groups on the surface of the SiO2 nanoparticles can interact with the oxygenic groups on
GO (e.g., carboxyl, epoxy, and hydroxyl groups) through condensation reactions or forming hydrogen
bond, providing mechanical strength and flexibility for the hybrid membranes [48]. It seems that there
is no obvious difference before and after filtration for the membrane’s surface by SEM, suggesting the
stability of SiO2 particles in the membrane (Figure S6 a-b). Secondly, the EDA molecule can also
crosslink the adjacent GO nanosheets through the acylation reaction between amino groups of EDA
and carboxyl groups of GO nanosheets, further leading to enhanced stability in both aqueous or organic
solutions (Figure S6 c) [50]. On the contrary, the pure GO membrane, without such inter-sheet
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interactions induced by EDA, suffers from the hydration effect that will destroy the hydrogen bond
and enlarge the d-spacing among GO nanosheets [28], leading to the edge cracking in aqueous
environments after 15 h (Figure S6 d). Therefore, these hybrid SiO2/GO membranes possess the
improved mechanical stability that is necessary for a better filtration performance during water
purification.

Figure 5. a) Apparent water contact angle of the membranes in air; b) apparent oil contact angle of the
membranes under water; c) permeate fluxes for pure water of SiO2/GO membranes with different
SiO2/GO mass ratios; and d) comparison of permeation flux on the SiO2/GO membrane and previous
GO-based membranes and the percentage in figure is oil rejection of corresponding membrane.

Surface wettability is a critical factor determining the membrane properties because it can affect the
water permeate as well as resistance to foulants. To evaluate the wetting behavior of the SiO 2/GO
hybrid membranes, both apparent water contact angles in air and apparent oil contact angles under
water are measured. As shown in Figure 5a, an obvious decrease in the water contact angles of
16

SiO2/GO-0.5 to SiO2/GO-5 can be observed compared with that of SiO2/GO-0. The SiO2/GO-0
membrane has a contact angle of 64°, which is caused by the hydrophilic oxygenic groups on GO
nanosheets. In contrast, SiO2/GO-0.5, even with a small amount of SiO2 nanoparticles, shows a
significantly decreased contact angle of 32°, indicating that SiO2 nanoparticles can effectively increase
the hydrophilicity of the membrane. Furthermore, the contact angles of the hybrid membranes
gradually drop to as low as 14° for SiO2/GO-5 with the highest SiO2 loading. This enhanced
hydrophilicity should mainly arise from the highly hydrophilic nature of the SiO2 nanoparticles. Firstly,
the abundant hydroxyl groups on their surface can enhance the hydration capacity of the membranes.
Secondly, the SiO2 nanoparticles can also increase the surface roughness of the membranes, facilitating
water contact with surface hydroxyl groups and diffusion through the surface/interface.
Afterward, dichloromethane was chosen as a model to further assess the oil contact angle of the
SiO2/GO membranes in an underwater environment. On the contrary to the cases for water, the oil
contact angles show an increasing trend with the addition of SiO2 nanoparticles, starting from 120° for
SiO2/GO-0 to 156° for SiO2/GO-5 (Figure 5b), showing their excellent underwater superoleophobicity
capability to repel oil. This strong superoleophobicity could be comprehensively resulted from the
strong electrostatic interaction and hydrogen bonding for water molecules of both the hydrophilic GO
nanosheets and SiO2 particles that help create a surface hydration layer, which effectively prevents the
membranes from being wetted by the oil droplets [20, 22]. It thus clearly demonstrates the superiority
of our material’s hierarchical structure and favorable surface chemistry for efficient water purification
compared with the other counterparts, especially when considering its unique “polymer-substrate-free”
feature that is essential for achieving the antifouling features.
Due to these merits, the water permeate fluxes through the SiO2/GO membranes show significant
17

increase with the SiO2 loadings, as shown in Figure 5c. The SiO2/GO-0 shows an extremely low flux
of merely 7 L m−2 h−1 for pure water, close to previous reports [10, 51]. This is caused by the restacking
of GO nanosheets, which only results in the 2D nanochannels between individual sheets for water
permeation. On the contrary, the SiO2/GO hybrid membranes show remarkably higher flux than
SiO2/GO-0 membrane. The flux of the SiO2/GO-5 membrane is up to 2387 L m−2 h−1 for water and
470 L m−2 h−1 for soybean O/W emulsion, considerably higher than the previously reported GO-based
membranes, as shown in Figure 5d, though it is much thicker (up to 8 μm) than the others (detailed
comparison shown in Table S1). The low flux of the membrane for O/W emulsion should be due to
the oil droplets with large size might block some permeate channels to limit the rapid permeation of
water. According to Hagen-Poiseuille equation (1), the flux will enhance with the increase of pore
radius and porosity [52].
J= (Ɛ·r2/8ƞ·ι·l) ·ΔP

(1)

in which Ɛ is the porosity, r is the pore radius, ι is the tortuosity ratio of pore, ƞ is the solution viscosity,
l is the thickness of membrane, and ΔP is the pressure drop. The high flux of the SiO2/GO hybrid
membranes can be attributed to their hierarchical porous nanostructure, which not only preserves the
nanochannels between the stacked GO nanosheets, but also provides extra larger pores to shorten the
water transport path, leading to enhanced water permeation.
The hybrid membranes were further assessed for a range of O/W separation. Four kinds of SDSemulsified O/W emulsions with the droplet sizes in the range of 160 nm-600 nm were used, including
diesel oil/water, soybean oil/water, gas oil/water, and pump oil/water (Figure 73). All the obtained
liquid after filtration by the SiO2/GO-2 membrane became very clear (Figure 6a), suggesting the high
removal efficiency of different oil droplets from water. As shown in Figure 6b, the SiO2/GO-2
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membrane exhibits high fluxes rates of 322-647 L m−2 h−1 as well as high rejection rates over 99.4%
for the four types of investigated O/W emulsions. These O/W filtration results clearly show the
outstanding separation performance of this hybrid membrane for a wide range of oil types and droplet
sizes, even with the droplet size as low as 100 nm. Soybean O/W emulsion with the average droplet
size of 320 nm was used to test the filtration performance of the SiO2/GO membranes with different
SiO2 loadings for O/W emulsion separation (Figure 6c). The flux of the SiO2/GO membranes are in
the range of 72-470 L m−2 h−1, gradually increasing with the higher SiO2 loading; while the oil
rejections are all above 99.2%, slightly decreasing with the higher SiO2 loading. This can be attributed
to the increased pore size and porosity with SiO2 loading to provide more efficient water path but
slightly at the cost of the lower rejection rate.

Figure 6. a) Digital photos of various oil/water emulsions before (left) and after (right) the separation
using SiO2/GO-2 membrane; b) filtration performance of SiO2/GO-2 membrane for different oil/water
emulsions; c) permeate fluxes and oil rejection rates for soybean oil/water emulsion of SiO2/GO
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membranes with different SiO2/GO mass ratios; and d) the reusability performance of SiO2/GO-2 for
soybean oil/water emulsion.
The selective penetration of the SiO2/GO membranes should be attributed to membranes’
hydrophilic surface as well as size/aperture sieving effect. The hierarchical porous structure provides
a wide variety of planar channels as size-sieving for fast permeation of water molecules while blocking
those larger oil molecules [53]. The water molecule, due to the small size and the ability to establish a
hydrogen bond, are more likely to be adsorbed into the channel opening [54]. More importantly, the
hydrophilic surface should be the key to achieving oil/water separation of the SiO2/GO membranes.
The abundant functional groups on the GO surface, as well as the SiO2 nanoparticles can provide
excellent hydrophilicity interface, render this membrane with a high removal capability for blocking
the soluble pollutants in molecular dimensions. This strong superoleophobicity could be
comprehensively resulted from the strong electrostatic interaction and hydrogen bonding for water
molecules of both the hydrophilic GO nanosheets. SiO2 particles, on the other hand, would help create
pathway with large sizes than the 2D interlayer space between the GO sheets as well as a surface
hydration layer, which allows the fast transport of water molecules through the channels but effectively
prevents the membranes from being wetted by the oil droplets and to block the MB dye molecules [28].
It is worth noting that an excessive amount of SiO2 particles would possibly bring a change of
“penetrating pore” through the film, which is unfavorable for maintaining the high separation
efficiency of the film. As a result, the SiO2/GO membrane possesses well-balanced SiO2 contents
would achieve both high selective penetration properties and mechanical strength, benefiting longterm practical applications.
In addition, the long-term usability and durability of the GO-based membrane is important for its
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practical applications. The stability of the SiO2/GO-2 membrane’s O/W permeate fluxes and rejection
rate upon cycle numbers was afterward evaluated using soybean oil/water emulsion as the typical
pollutant. As shown in Figure 6d, throughout 8 cycles of oil/water fouling-washing tests, the O/W oil
rejection rate was over 99.1%, showing the excellent antifouling properties even during long-term
filtration process. The outstanding reusability and antifouling performance of the SiO2/GO-2
membrane mainly arise from its excellent underwater superoleophobicity and hydration capacity,
which facilitate the formation of a hydration layer on the membrane surface during filtration to avoid
oil adhesion and accelerate water permeation. Moreover, with the assistance of EDA, the rigid SiO 2
nanoparticles are firmly anchored on the flexible GO nanosheets, which are fairly stable to even
survive in the vigorous ultrasonication process during the sample preparation to maintain a high
recoverability for water purification.

Figure 7. a) MB dye rejection rate the SiO2/GO membranes tested with different volumes of MB
solution; b) optic images of the difference between the SiO2/GO-2 membrane and SiO2/GO-0
membrane for MB removal.
Due to the unique laminated structure, which could act as a highly selective and permeable filtration
membrane to adsorb and/or block the large organic compounds, our SiO2/GO hybrid membranes also
have the potential for retrieving clean water from solutions contaminated by organic dye molecules
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with a high flux and rejection rate. The dye removal capability of the SiO2/GO membranes with various
SiO2 loadings were measured using 10 ppm MB solutions of different volumes, and their rejection
rates are almost 100% for 20 mL MB solution (Figure 7a). When MB solution volume is increased,
the SiO2/GO-0.5, 1, 2 samples exhibit better dye removal capability than the other samples (SiO2/GO3 and 5), and their rejection rates still kept 100% in the 60 mL MB solution test and over 96% in the
100 mL test. The slight decrease in MB rejection with volume may be due to the enhanced
concentration gradient of MB on the surface of the membrane. Moreover, at various MB
concentrations (10-40 ppm, fixed volume of 20 mL), the SiO2/GO-2 membrane still showed high
rejection rates of 95-100% (Figure. S8). The MB removal capability of our SiO2/GO members is
superior to that of previously reported GO-based membranes, such as SWCNT/GO (98.6%) [55], DHNTs/GO/EDA (99%) [10], GO-Isophorone Diisocyanate (97.6%) [30], RGO/PDA/g-C3N4 (97.5%)
[33], PVDF/RGO@SiO2/PDA (99.8%) [41] and PDA/RGO/Halloysite nanotubes (99.72%) [22]. It is
reasonable to believe that the adsorption and size sieving effect simultaneously play important roles
for the filtration of organic compounds with big molecular weight or size (such as MB dye molecule)
[56]. On the one hand, the interaction between GO and MB molecules initially enables the GO sheets
to capture the MB molecules (i.e., the electrostatic interaction and π-π stacking interaction), which
result in the tight binding between the MB molecules and the GO sheets. On the other hand, GO
membrane acts as a highly selective sieving to block MB molecules due to the large size of MB
molecules.
Due to the high flux rate and high rejection capability of this SiO2/GO hybrid membrane, it can be
directly used to obtain fresh water from the MB solution, only under the osmotic pressure without any
external force. As shown in Figure 7b, the SiO2/GO-2 was fitted as the membrane in the U-shaped
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tube with 20 mL MB solution on one side while being empty the other side, and the SiO2/GO-0 was
tested as for comparison. For the SiO2/GO-2 sample, clear water was obtained in the right tube from
the left tube with the MB solution and an equal liquid level was achieved after 3 h, clearly showing its
excellent dye separation property and high permeation performance. On the contrary for SiO 2/GO-0,
the liquid level is almost unchanged even after 7 days, due to the absence of hierarchical porous
structures on this membrane.
4. Conclusion

In summary, multifunctional hierarchical SiO2/GO hybrid membranes with excellent separation
property for O/W emulsion and dye solution are successfully prepared through a vacuum-assisted
filtration and self-assembly process. Introducing SiO2 nanoparticles and EDA into the membranes can
form hierarchical nanostructures with enlarged water channels and excellent structural stability,
resulting in a drastic increase in permeate fluxes up to 2387 L m−2 h−1 for water, 470 L m−2 h−1 for
O/W emulsion and oil rejection as high as over 99.4% for oil/water emulsion. Moreover, owing to the
combination of enhanced hydrophilicity and surface roughness from SiO2 nanoparticles, the SiO2/GO
hybrid membranes possess the unique merits of underwater superoleophobic and low oil-adhesive
water/membrane interfaces, enhancing their antifouling capability and long-term stability. More
interestingly and importantly, the high adsorption capability of GO for dye molecules endows the
hybrid membranes excellent MB removal capability. Therefore, the excellent separation efficiency and
capability of the SiO2/GO membranes for oil/water emulsion and dye solution enlighten the great
prospects of GO-based membranes in water treatment.
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